Abstract-In this paper, analysis of half U-slot loaded patch antenna with shorting wall is presented. The parameters of the antenna significantly depend on slot and notch dimensions. Bandwidth of the proposed antenna is found to be 21.59%. The 3 dB beamwidth of the antenna is found to be 90 • at the central frequency of 2.6 GHz. The theoretical results are compared with IE3D simulated and experimental ones which are in good agreement.
INTRODUCTION
Intensive research has been carried out to develop the bandwidthenhancement techniques by keeping the size of the patch antenna as small as possible. One of the effective methods to improve the bandwidth is to employ a thick substrate [1] . A broadband microstrip antenna is very useful in the commercial applications such as 2.5 GHz and 3.0 GHz wireless systems, wireless local area networks (WLAN), and bluetooth personal networks. Therefore, various designs have been proposed to improve their bandwidth including different shapes of patch [2] [3] [4] , stacked patch [5, 6] and shorted patch antenna [7] .
In this article, a half U-slot loaded rectangular patch (L × W ) is analyzed using equivalent circuit theory based on model expansion cavity model, in which the performance of half U-slot loaded patch is studied as a function of slot length (L s ), slot width (W s ), notch length (L n ) and notch width (W n ). The theoretical results obtained are compared with the simulated [8] and experimental ones [9] . Figure 1 depicts the geometry of the proposed antenna. It consists of a rectangular patch with dimensions (L × W ). The rectangular patch is separated from ground plane with a foam substrate (ε r = 1.0) of thickness h.
THEORETICAL CONSIDERATIONS

Antenna Structure and Its Equivalent Circuit
Microstrip patch is considered as a parallel combination of capacitance (C 1 ), inductance (L 1 ) and resistance (R 1 ) as shown in Fig. 2(a) .
The values of R 1 , L 1 , and C 1 can be given as [10] .
in which L = length of the patch, W = width of the patch, y 0 = feed point location, h = thickness of the substrate material.
where c = velocity of light, f = the design frequency, ε e is effective permittivity of the medium which is given by [10] .
where, ε r = relative permittivity of the substrate material. Therefore, the impedance of the patch can be derived using Fig. 2 (a) as
Half U-slot in the patch is analyzed by assuming it as a combination of a slot with dimension (L s × W s ) and a notch with dimension (L n × W n ).
The equivalent circuit of a vertical slot in the patch can be given as ( Fig. 2(b) ).
The equivalent circuit of a narrow slot comprises a series combination of the radiation resistance (R U ) and the reactive components (X U ) [11] as shown in Fig. 2(b) . Therefore, the impedance of the vertical slot can be given as
where,
and
in which C is Euler's constant = 0.5772; k is propagation constant in free space; S i and C i are the sine and cosine integrals defined as
The notch is introduced along one of the radiating side, which is shorted by the shorting wall. Due to the effect of notch, two currents flow in the patch. One is the normal patch current, and another is around the notch (Fig. 2(c) ).
The second resonant circuit is shown in Fig. 2 
where series inductance (∆L) and capacitance (∆C) are calculated as [12, 13] .
where L n is the length of notch, and Z 1 , Z 2 are the characteristic impedance of microstrip lines with length L n and widths of w 1 and w 2 , respectively. The values of Z 1 and Z 2 are given as
h + 1.393 + 0.667 log 
where
The coupling factor C c between the two resonators is given by [14] . The equivalent circuit of the proposed antenna is given in Fig. 3(a) which is modified to Fig. 3(b) .
Using this circuit the total input impedance of the proposed antenna can be given as
where Z P is the impedance of the simple patch and
, Z S = input impedance of shorted patch, Z S = jω l s , l s = Inductance due to shorting wall [15] ,
where S = Length of the shorting wall, h = Thickness of the substrate
Calculation of Various Antenna Parameters
The reflection coefficient of the patch can be calculated as
where Z 0 = characteristic impedance of the coaxial feed (50 ohm).
and Return loss = 20 log |Γ| (11)
Radiation Pattern
The radiation pattern of half U-slot loaded shorted patch antenna can be calculated as [15] E(θ) = −jk 0 W V e −jk 0 r πr cos (kh 1 cos θ) sin
where V is radiating edge voltage; r is the distance of an arbitrary point, Figure 4 shows the variation of VSWR with frequency for the half U-slot loaded patch. The theoretical bandwidth is found to be 21.59% VSWR ≤ 2 which shows almost agreement with the simulated (bandwidth 22.31%) and experimental (bandwidth 27.10%) results. The variation of slot length (L s ) has increasing effect on bandwidth which shifts the entire bandwidth towards lower side as the value of L s increases (Fig. 5) . The obtained result is also corroborated from Table 2 .
DESIGN SPECIFICATIONS FOR THE PROPOSED ANTENNA
DISCUSSION OF RESULTS
In Fig. 6 , the variation of VSWR as a function of frequency is shown for different values of slot width (W s ) and for given values of L s = 26.0 mm, L n = 5.0 mm, W n = 2.0 mm. It is found that up to a certain value the antenna shows broadband nature. However beyond W s = 6.0 mm dual band characteristic is observed.
The bandwidth of the antenna increases as the value of notch length (L n ) increases (Fig. 7) . The maximum bandwidth is found to be 25.40% at L n = 8.0 mm ( Table 3) .
The variation of notch width (W n ) (Fig. 8) shows significant effect on the antenna bandwidth. Typically, the bandwidth is found to be 14.59% at maximum value of W n = 6.0 mm whereas it is maximum at 21.58% at W n = 2.0 mm as shown in Table 4 .
The radiation pattern of the proposed antenna is shown in Fig.  9 . The theoretical result (beamwidth, 90 • ) shows the deviation of 3 dB beamwidth around 4 degree as compared to simulated results( beamwidth, 82 • ).
CONCLUSION
From the analysis it is found that the bandwidth of the antenna is highly dependant on the dimension of slot and notch incorporated in the patch. Such antenna can be used for the Bluetooth application.
